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Natural fiber composites are of increasing interest in research because of their potential to provide a 16 low environmental impact material for applications, such as in the construction industry. In this 17
analysis, fully bio-based composites with varying natural fiber reinforcement in a biosynthesized 18 polymer matrix were assessed. The biopolymer was analyzed with two different carbon feedstock 19 sources: simple carbohydrates and biogas. While both carbon feedstock sources result in the ability to 20 cultivate rapidly renewable polymers, biogas as a feedstock source allows for use of a waste 21 greenhouse gas emissions flow to produce a commodity. The bio-based composites were compared 22 both on constant volume and for a decking application relative to a type of natural fiber filled 23 petrochemical based polymer composite. When material properties and end-of-life considerations were 24 incorporated, the biogas carbon feedstock biopolymer composites showed the potential to have a net 25 beneficial global warming potential as well as favorable fossil fuel consumption and acidification 26 relative to the conventional decking material, depending on natural fiber reinforcement selected. In 27 terms of eutrophication impact, however, if byproducts from simple carbohydrate processing are 28 considered, the simple carbohydrate feedstock biopolymer composites had the most beneficial impacts, 29 suggesting consideration of the most critical environmental impact for the regions of production and 30 use may be drivers for processing and selection of the bio-based composite constituents. 31 32 33 1
Introduction 1 2
Designing rapidly renewable, fully biodegradable construction materials has been of interest in 3 current research because such materials could aid in alleviating burdens associated with use of landfill 4 space. Current construction practices result in significant use of landfill space: an estimated 325 5 million tons of construction and demolition waste are generated annually in the U.S. (USEPA, 2004) . 6
Roughly 27% of this waste is from wood and wood based products (D&R International Ltd., 2011) , 7 which are not fully degradable due to lignin content (Micales and Skog, 1997) . Additionally, 35% of 8 the global construction market is polymer composites (Humphreys, 2003) , which commonly resist 9 microbial decay (Wessel, 1964) . Poly (β-hydroxybutyrate)-co-(β-hydroxyvalerate) (PHBV) is a co-10 polymer of poly (β-hydroxybutyrate) (PHB), one of the most common types of poly 11 (hydroxyalkanoates) (PHAs).PHAs are produced as intracellular granules in certain strains of bacteria 12 that have access to excess carbon, but are starved of an essential nutrient, such as phosphorus 13 (Anderson and Dawes, 1990) . PHBV has the benefit of having a short residency in anaerobic 14 conditions and the inclusion of natural fibers has been shown to expedite degradation (Morse, 2009) . 15
In addition to disposal benefits, PHBV/natural fiber composites have benefits associated with 16 production. Unlike polymer composites that require petroleum resources and woods that have depleted 17 resources in certain regions (Whiteman and Brow, 2000) , the constituents for PHBV bio-based 18 composites are renewable and can be harvested globally. Natural fibers, such as jute and hemp, have 19 similar specific stiffness to E-glass fiber reinforcement (Wambua, 2003) and can be cultivated in a 20 matter of months(Turunen and van der Werf, 2006), so they have been the focus of some interest for 21 their potential environmental advantage over non-renewable composite reinforcement. 22
Previous life cycle assessments (LCAs) of short fiber filled bio-based composites and natural fiber 23 reinforced petrochemical based polymers revealed the potential to improve environmental performance 24 of products by replacing synthetic materials (Patel, 2003; Pietrini, 2007) . Xu (Xu, 2008) showed adding 25 carbon feedstock polymers, this transportation from a local plant was modeled based on average 1 transportation distances to regional landfills (USEPA, 1996) . 2
Life Cycle Inventory for Biogas Feedstock PHBV 3
In addition to the simple carbohydrate feedstock PHBV, a biogas feedstock PHBV was considered 4 to incorporate advances being made to potentially reduce the environmental impact of PHBV by using 5 methane as the carbon feedstock (Pieja, 2011) . Several strains of methanotrophicbacteria have the 6 potential to form PHAs as intracellular granules (e.g., Methylocystisparvus OBBP) (Pieja, 2011) . 7
Beyond using methane as a carbon feedstock for PHB production, researchers have shown that certain 8 methanotrophic bacteria can use the methane available in biogas from waste, e.g. landfill methane 9
emissions (Pieja, 2011; Rostkowski, 2012) . Using biogas a carbon feedstock for polymer production 10 allows for the use of a waste flow to be utilized as a resource. In this research, landfill biogas was 11 modeled both as the carbon source for polymer synthesis as well as for the fuel source needed during 12 polymer cultivation. While there are several waste emission management methods for landfill gas, in 13 this research it was assumed that the landfill gas would have been flared if not used as a carbon 14 feedstock for biopolymer production. This assumption was made to simplify the potential allocation 15 issues associated with using the biogas as a fuel source if not used as a carbon feedstock for 16 biopolymer production. In future work, investigation into the influence of different uses for the waste 17 biogas on the cumulative environmental impact of the biogas feedstock PHBV will be conducted. 18
The inventory and production methods for this polymer are based on Rostkowski et al. (2012) and 19 are included to represent an idealized scenario in which waste streams can be used to create material 20 and provide energy (see process flow diagram, Figure 1c ). With the exception of the change in carbon 21 feedstock, the production methods for the biogas feedstock PHBV are similar to those for the 22 carbohydrate feedstock PHBV. Inputs and waste flows were considered for the culture needed for the 23 bacteria, including factors such as necessity for water and inorganic salts. Energy and waste flows 24 13 were considered for use of bioreactors and fermentation processes. Additionally, flows associated with 1 polymer extraction from bacteria cells and refinement were considered. The inputs and waste flows 2 values for each of these stages, except extraction and refinement, vary slightly from the carbohydrate 3 feedstock PHBV as the inventory for the biogas PHBV was based on one study using scaled up lab-4 bench values (Rostkowski, 2012) . Inventories for biogas carbon feedstock polymer production, biogas 5 feedstock, and biogas energy production can be found in the Supplementary material: Appendix E. It 6 was assumed that if biogas were used as the feedstock for thepolymer, manufacture could occur near 7 local landfills; therefore, ground transportation of this polymer was based on average transportation 8 distances to regional landfills for thecounty considered (USEPA, 1996) . 9
Life Cycle Inventory of Composite Manufacture 10
The analysis of the bio-based composites was based on a combination of the natural fiber textile 11 inventories combined with the matrix inventory, as well as the additional inputs and outputs associated 12 with manufacturing composites (see process flow diagram, Figure 1d ). In the bio-based composites 13 considered in this study, the volume ratio of polymer to fiber considered for the composite inventory 14 was 60:40. This fiber volume ratio is approximately the ratio at which the majority of the composites 15 analyzed reach their peak in mechanical properties (Miller, 2013) . The LCA was based on using 16 constituent densities from the literature: (a) density of PHBV assumed to be 1.21g/cm for jute (Mohanty, 2002) . 19
Composite production involves four main steps. The first is extrusion of the polymer into strips, 20 which includes energy to heat the polymer to a constant 180˚C. Specific heat values for PHB were 21 found to be just below 2 J/g·K at temperatures of 36˚C and slightly higher at 60˚C (John and Keller, 22 1996) , so this analysis made the conservative approximation that the specific heat of PHBV is 1.7 23 14 25˚C with a 15% increase to produce a conservative approximation). The next stage of composite 1 manufacture involves a hand layup process of layering the strips of biopolymer extruded with sheets of 2 hemp textile to form laminar plates. Since this is a manual labor consideration, it was not incorporated 3 in the scope of this analysis. At an industrial scale, it is likely that machinery would be used for this 4 step of production, but there was insufficient data to assess the demands of the type of machinery that 5 would be used. After the layup process, the sandwiched biopolymer and natural fiber textile are placed 6 in a hot press to form a composite. For the electricity and thermal demand needed for the machinery to 7 apply the requisite pressure, hot press technology applied to medium density fiberboard was employed 8 (Li and Pang, 2006; Cai, 2009) . The final step of composite manufacture is finishing in which 9 composites are cut down to the appropriate size. Bench-top studies have shown that approximately 10 30% of material is lost during this process (Christian, 2009) . The inventory for production of 300mm 11 X 300mm X 15mm composite tiles can be found in the Supplementary material: Appendix F. 12
Life Cycle Inventory of Wood Flour Filled Polyolefin Composite 13
To represent a common decking material of wood flour filled polyolefin, a life cycle inventory was 14 developed for a recycled high density polyethylene (HDPE) filled with wood flour at a 50% weight 15 fraction. To develop this model, the recycled HDPE material was allocated as having 74.3% of the 16 environmental impact of virgin HDPE. This allocation was based on application of the EPA/SETAC 17 allocation method (Vigon, 1993) . For the allocation method, the recycling rate, defined here as the 18 percent of material recycled, of virgin HDPE was modeled as 28.9% based on an EPA statistic for 19 recycling virgin HDPE bottles(USEPA, 2010). The recycling rate of recycled HDPE was modeled as 20 8% based on an EPA statistic for recycling plastics (USEPA, 2012a). The waste generated from 21 recycling was modeled as 28% based on an EPA statistic for lost material during recycling of HDPE 22 (USEPA, 2007) . By using the EPA/SETAC allocation method, 74.3% of the environmental impacts 23 15 associated with the production of virgin HDPE were allotted to the production of recycled HDPE.The 1 burden is a reflection of the impacts being allocated to the primary and secondary products. 2
Using the model developed for the production of HDPE, the life cycle inventory of the WPC 3 considered the combination of the polymer with wood flour to form a composite. The wood flour filler 4 modeled in this research was considered to be a by-product of lumber production based on a study by 5
Werner et al. (Werner, 2007a) . The composites considered in this analysis were all formed via 6 extrusion and the wood flour was modeled as pelletized prior to extrusion with the polymer (modeled 7
as an additional extrusion of the wood flour representative of pelletization via extruder with an 8 attached pelletizer). Each level of processing via extrusion was modeled as producing 10% waste 9 during production (Thiriez, 2006) . 10
Transportation for the materials applied in the production of WPC was based on an analysis of the 11 largest producers of each constituent. Using a study conducted by the IEA Energy Technology 12
Network (Peska-Blanchard, 2007) , the likelihood of wood flour being transported from any given 13 region was based on the quantity that region produced. Due to limitations on available data for sources 14 of recycled HDPE, the recycled polymer was modeled as requiring a road transportation distance of 15 500km. Assuming the recycled polymer could be acquired within state boundaries, 500km was 16 selected as the transportation distance to be conservative. The inventory for WPC production can be 17 found in the Supplementary material: Appendix G. 18
End-of-life Modeling 19
This analysis assumed anaerobic decomposition of materials, including recapture of methane 20 produced during degradation. Because lignin, pectins, and hemicellulose are largely removed during 21 fiber processing, biodegradation of the fibers was modeled as equivalent to the degradation of 22 cellulose, which is approximately equal volumes of methane and carbon dioxide and is much lower 23 than the amount of carbon that could potentially be converted to gas (Micales and Skog, 1997) . 24 Anaerobic decomposition of PHBV was calculated based on stoichiometric analysis (see the 1 Supplementary material: Appendix H). To conduct this analysis, acell synthesis factor (i.e., fraction of 2 electrons used for synthesis of biomass as needed by microbes during anaerobic degradation) of 0.13 3 was used in accordance with a study conducted by Budwill et al. (Budwill, 1992) . Composite 4 constituents, such as the polyolefin matrix for the WPC, which are not known to degrade rapidly, were 5 considered to remain inert in the landfill. 6
The methane produced during degradation was modeled as being recaptured for use or flared. The 7 methane from the biodegradable constituents was modeled based on a conservative 47% methane 8 oxidation efficiency (Powelson, 2006) .It is typical practice to not allow for release of methane from 9 landfills in California, where these composites where considered to be produced. One method for 10 reducing methane emissions is to flare off un-captured gas from landfills (CARB, 2013) .This life cycle 11 inventory considered all un-captured methane to be flared and released as carbon dioxide. The analysis 12 was considered to be at a long enough time scale for all biodegradable material to decompose; non-13 biodegradableconstituents(including biogenic carbon that could not biodegrade) were modeled as 14 having permanent residence within the landfill.The wood flour in the WPC composites was considered 15 to undergo biodegradation, despite being incased in a petrochemical matrix, based on a review by 16 Morrell et al. (Morrell, 2010) . 17
Results 18

Environmental Impacts Associated with Bio-based Composites 19
First, the PHBV/natural fiber composites and the WPC comparisons were drawn on a per volume 20 functional unit (see Figure 3) . For the volume comparisons, the P-HL-C and P-HL-B composites were 21 among the higher impact composites, while the lower impacts associated with the recycled and 22 byproduct composite constituents made the P-RJB-C, P-RJB-B, and WPC typically among the lower 23 environmental impact composites. The exceptions to these trends were present only when a composite 24 constituent provided a strong net beneficial impact for a given category. In terms of GWP, the WPC 1 offered one-tenth the impact ofthe P-HL-C composite, but the P-JB-B composite offered three times 2 lower impact material than the WPC -a reflection of the net beneficial GWP associated with the 3 polymer and the fiber used. For fossil fuel demand, the P-RJB-B composite had the lowest impact at 3 4 MJ surplus per volume with the WPC providing equivalent impact to the PHBV-C reinforced with 5 burlap composites. In terms of acidification, again the P-RJB-B had the lowest impact followed by the 6 WPC. For eutrophication, the impacts associated with the textile and polymer resulted in all bio-based 7 composites examined having consistently higher impact than the WPC. While the low impacts of the 8 RJB textile resulted in the composites containing this textile having typically lower eutrophication 9 impacts than the other bio-based composites, they were still 3-8 times higher than the WPC. 10
Notably, these results imply there is a potential for net-beneficial GWP for the bio-based 11 composites depending on which carbon feedstock is used in the production of the biopolymer. For the 12 net-beneficial GWP, the impacts of the bio-based composites are a reflection of the biogas utilized for 13 carbon feedstock, as well as energy, offsetting a flaring of landfill gases. Additionally, if all bio-based 14 composites are modeled as going to landfills with the ability to recapture methane for energy use, 15 while the biogas carbon feedstock polymer bio-based composites offset the methane from end-of-life 16 degradation in their production on a long enough time scale, the PHBV composites that use 17 carbohydrates as the feedstock show a slight net-beneficial fossil fuel demand and acidification. 18
However, the potential recapture of methane at end-of-life does not outweigh the fossil fuel demand 19 for these composites for all life cycle stages considered. 20
While it may appear that the polymer and the fiber inputs typically outweigh the manufacture, 21 transportation, and end-of-life impacts for the bio-based composites in all four impact categories, this 22
was not always the case. For the burlap composites, the fossil fuel demand associated with 23 manufacture was 20-85% higher than that associated with the textiles, with the lowest impact textile 24 being the recycled jute burlap. Also for the burlap composites, the acidification associated with 25 transportation was similar to that associated with the textiles relative to the acidification associated 1 with the polymer, with transportation ranging from 15% lower impact than the recycled jute burlap 2 textile to 45% higher than the hemp burlap textile. Not surprisingly, based on the assumptions, the 3 PHBV from biogas feedstock had low fossil fuel demand and a net-beneficial GWP, making it notably 4 lower than the other components in terms of GWP and approximately 35% lower than the composite 5 manufacturing in terms of fossil fuel demand. 6
Next, comparisons were drawn for a deflection-based functional unit (see Figure 4 ). When the 7 mechanical properties of the materials were incorporated into their functional unit, as was the case for 8 the deflection-based scenario, overall trends remained the same as for the volume functional unit. 9
Recycled and byproduct constituents resulted in lower environmental impact composites than the 10 highly processed constituents, with the exceptions being when net beneficial constituents were used. 11
The difference between the moduli of the bio-based composites was not great enough to cause an 12 alteration in the general trends of environmental impacts. However, the WPC has the lowest modulus 13 of the composites analyzed, causing an increase in material demand relative to the higher modulus 14 materials for the deflection-based scenario. While this relative increase in volume resulted in the WPC 15 having equivalent impact to the PHBV-C composites reinforced with hemp burlap, jute burlap, and 16 jute burlap processed without hydrocarbons for fossil fuel demand and acidification, the lowest 17 impacts were still associated with the one of the recycled jute burlap bio-based composites for all 18 impact categories, except eutrophication, and the highest impacts were associated with one of the hemp 19 linen bio-based composites. 20
4.2DiscussionChanges to Input Quantities for Constituents and Bio-based Composites 21
Due to the range of inputs for each of the constituents modeled, anassessment of changes to input 22 quantitieswas conducted to assess the effects of varying the inputs. The ranges for all four impact 23 categories reflect variability in cultivation, production, and manufacturing methods and point to the 24 possibility of reducing impacts by changing these methods. The data ranges reflect the range of life 25 cycle inventory values from the literature as presented in the Supplementary material: Appendices A, 1 B, C, D, E, and F. The resulting ranges for the lowest and highest GWP, fossil fuel demand, 2 acidification, and eutrophication impact are shown inthe Supplementary material:Appendix I. 3
The simple carbohydrate feedstock polymer was most sensitive to the range in necessary carbon 4 feedstock to produce polymer and the range in energy needed to produce the polymer. These values 5 were modeled as the average for the life cycle inventory discussed above, but there were a wide range 6 of values reported for these inputs and they both have high associated impacts. 7
The biogas carbon feedstock polymer was most susceptible to changes in biogas needed to supply 8 carbon feedstock and energy. With higher demand for carbon feedstock to produce the polymer and 9 supply energy, a greater net-beneficial GWP would be present. However, based on the inputs and the 10 ranges analyzed in this research, there was less significant influence on acidification, fossil fuel 11 demand, and eutrophication. 12
For the textiles, the impacts were most sensitive to changes in crop yields as well as energy 13 consumption and type of energy mix used. For the hemp textiles, there was a wide range of potential 14 crop yields and with all other inputs held constant, very low yields would result in greater impacts and 15 vice versa. For the hemp linen textile, there was also a large range of reported energy requirements to 16 produce the textile, which had the greatest influence on GWP, but influenced the other impact 17 categories as well. For all of the textiles, one or more levels of fiber processing were considered to use 18 energy from coal instead of the national average energy mix, meant to be representative of a potentially 19 high emission local energy source, to which the models were sensitive in all impact categories 20 examined. 21
While the assessment of changes to input quantitiesconsidered varying energy inputs as well as 22 fiber and polymer quantity inputs, the potential changes associated with the ranges for production of 23 the constituents outweighed the ranges for composite manufacture. That is to say, the sensitivity of the 24 polymer production and the textile production contributed more to the sensitivity of the composite than 1 the composite manufacturing or transportation input ranges considered. 2
For the end-of-life, the LCAs were most sensitive to changes in the quantity of methane recaptured 3 and whether the un-captured methane was flared or not.Had 100% of the biogas methane been 4 modeled as captured, rather than flared,the available methane for energy or carbon feedstock would 5 have nearly doubled and the carbon dioxide emissions would have been cut by approximately 40% for 6 the bio-based composites' end-of-life. A more dramatic sensitivity in the model is noted if the un-7 captured methane emissions were not modeled as flared, the GWP associated with end-of-life would 8 have more than tripled. 9
5.Discussion 10
Use of System Expansion to Account for Beneficial Byproducts 11
Although inclusion of byproducts and assessment of avoided product manufacture that could be 12 associated with production of the bio-based composites was outside the scope of this research, it is 13 critical to note the potential role byproducts could play in cumulative impacts of the composites and 14 selection of carbon feedstock selection for the biopolymer. For example, common byproducts from 15 production of simple carbohydrate feedstock from sugar beets are molasses and animal feed (Nielson, 16 2003) . If the avoided production of these products had been incorporated in the model, a net beneficial 17 eutrophication impact would have been allocated to the PHBV-C. It would have also contributed to the 18 bio-based composites with the PHBV-C matrix having net beneficial eutrophication impact, with the 19 greatest benefit associated with the P-RJB-C composite.This offsetting is large enough to sway the 20 impacts of the simple-carbohydrate feedstock PHBV bio-based composites analyzed in this research. 21
The example of byproducts from sugar beet production shows the influence allocating impacts 22 avoided or displaced emissions and products can play in cumulative impacts and environmentally 23 informed design. In this research, if the byproducts from sugar beets had been incorporated in the 24 assessment and eutrophication was the critical impact category for decision making, the use of the 25 simple carbohydrate carbon feedstock would have been favorable; this is in direct contrast to the 1 results of the study without allocation, which suggest use of biogas carbon feedstock would be 2 preferable for the eutrophication impacts of the bio-based composites. Beyond the common byproducts 3 from sugar beet cultivation and refinement, the bio-based composite constituents offer additional 4 potential byproducts. For example, short hemp fibers, a byproduct from refinement of hemp fibers in 5 textile production, can be used as animal bedding (Turunen and van der Werf, 2006). While not 6 assessed, some of the impacts for the hemp textiles could have potentially been allocated to the short 7 fibers, resulting in lower footprints for the hemp reinforced composites. 8
Potential for Carbon-neutral Composites 9
One of the most striking results from this analysis was the possibility of having a net beneficial 10 GWP for the production of biogas carbon feedstock PHBV composites reinforced with burlap. These 11 results rely upon several assumptions that were made during the life cycle inventory development and 12 would need to be maintained in order to achieve this desirable environmental impact. 13
The first set of key assumptions was associated with the carbon sources for the biogas carbon 14 feedstock polymer composites. In this analysis, biogas was modeled as the feedstock for both the 15 carbon needed to cultivate cells to biosynthesize PHBV, as well as the feedstock source for fuels 16 needed during manufacture and production of PHBV. The source of this biogas was considered to be 17 from a landfill degrading "old" carbon materials in the sense that the source of the biogas was 18 considered to be material degrading that was entering the carbon cycle rapidly relative to how long it 19 took to produce and did not have an associated system to remove carbon emitted to the atmosphere at 20 the same rate it was being produced, such as waste hydrocarbons from petrochemical refinement 21
practices. 22
In addition to assumptions regarding biogas carbon source, assumptions were made in this LCA 23 regarding material degradation that contributed to the net beneficial GWP for the biogas carbon 24 feedstock polymer composites. For all materials examined in this research, degradation was assumed 25 to be in an anaerobic landfill with biogas recapture ability. Additionally, the landfill modeled was 1 assumed to be well sealed, so there were no fugitive gas emissions or leachate. Also, for all materials 2 analyzed, biodegradation was assumed to result in the production in carbon dioxide and methane; no 3 production of volatile organic chemicals was assumed. For all composites analyzed, emissions from 4 the landfill associated with degradation of the biogenic components were assumed to provide biogas 5 for the production of the next set of bio-based composites or to be used as a source of energy in 6 another process. For the biogas carbon feedstock polymer, the amount of biogas that was capable of 7 being recaptured after degradation did not provide enough carbon for cultivation and production 8 energyto make an equivalent bio-based composite. This assumption was a result of three main factors: 9
(1) empirical results suggesting not all natural fiber mass would fully biodegrade;(2) stoichiometric 10 balances showing some carbon from the degradation of the biopolymer would be needed for cell 11 biomass of the degrading organisms; and (3) the assumption that cell biomass from the cells used to 12 synthesize biopolymer as well as cell biomass from the cells used to biodegrade the composites was 13 not degrading at an appreciable rate. 14 These assumptions were selected as a conservative approximation forGWP associated with 15 emissions from landfills collecting construction and demolition waste. Based on an analysis from 2012 16 by the US EPA, landfills collecting construction and demolition waste were not recapturing 17 biogas (USEPA, 2012b) . In fact, the study estimated none of the construction and demolition landfills 18 were flaring emissions(USEPA, 2012b); however, to approximate a more conservative case, the 19 landfill emissions assumed to be offset in this research modeled methane emissions as having been 20 flared -resulting in carbon dioxide rather than methane emissions and a lower associated GWP for 21 emissions (incomplete combustion was not considered). 22
While emissions from landfills releasecarbon slowly to the atmosphere as materials degrade, the 23 total global emissions from landfills was estimated by the International Panel for Climate Change as 24 1460 Mt of CO 2 equivalents in 2010 with an expected increase in future years (Bogner, 2007) , 2007) . Data sources on constituents of construction and demolition landfills are not abundant, 2 but for municipal solid waste landfills, waste emissions are typically from 40-60% non-biogenic 3 sources (UNEP, 2010) . For the purposes of this LCA, the biogas used for polymer production was 4 assumed to be from non-biogenic sources, thus offsetting carbon emissions that were entering the 5 carbon cycle at a faster rate than the environment would normally see due to anthropogenic influences. 6
There is little debate that climate change is time critical and anthropogenic influences are 7 increasing the rate at which carbon would normally enter the atmosphere. The models presented in this 8 research for the biogas carbon feedstock polymer assume offsetting carbon emissions from fossil-9 derived CO 2 sources of carbon, but the atmosphere does not differentiate between sources of carbon. 10 Therefore, any offsetting of emissions would be favorable regardless of whether the source was from 11 older carbon reserves that would have taken centuries to reach the atmosphere without human 12 assistance or whether the source was from a biogenic emission (UNEP, 2010) . 13
In a report published by the United Nations, it was stated, "the key theme is climate change and 14 how to mitigate it, not differentiation of carbon source" (UNEP, 2010). Several authors have 15 suggested instead of trying to find a "magic bullet" for climate change, to rather offer a selection of 16 diverse solutions (e.g., (Tour, 2010; Bringezu, 2014) ). The research presented here for potentially 17 carbon-neutral composites was built on the model presented in Rostkowskiet al. (2012) , which 18 examined how emissions from degradation could be used as carbon feedstock for polymer production 19 and energy production. While use of bioplastics relative to plastics from petrochemical sources is small 20 (Allwood, 2011), it is possible that in the future, pushes for materials that are from renewable stocks or 21 can be produced from waste flows, such as the PHBV/natural fiber composites in this research, will 22 become desirable. These concepts, as well as others, could potentially serve as technological advances 23 that could aid in lowering emissions of carbon, regardless of the original source of carbon. 24
Conclusions 1
In this analysis, life cycle inventories based on input-output flows were developed for poly (β-2 hydroxybutyrate)-co-(β-hydroxyvalerate) (PHBV) from a simple carbohydrate feedstock as well as 3 from a biogas feedstock, five natural fiber woven textiles, and composites of PHBV reinforced with 4 each textile at a 40% fiber volume fraction. Environmental impact comparisons were drawn based on 5 consistent volume and for an application-specific scenario for the bio-based composites through 6 consideration of four environmental impact categories: global warming potential, fossil fuel demand, 7 acidification, and eutrophication. The relative impacts showed that in all cases except eutrophication 8 impacts, the composites formed with the burlap textile reinforcement and the biogas carbon feedstock 9 polymer matrix offered a lower environmental impact than conventional wood flour filled polyolefin 10 composite -a common construction material. Additionally, depending on the scope of the analysis and 11 production methods employed, there is the potential that fully bio-based composites could offer a net 12 beneficial global warming potential or net beneficial eutrophication. The results showed that in cases 13 in whichlow eutrophication or low GWP is a driving influence on material selection and 14 design,contingent on consideration of byproducts as offsetting other flows, the use of the simple 15 carbohydrate carbon feedstock biopolymer or biogas carbon feedstock biopolymer, respectively, as a 16 matrix would result in a beneficial environmental impact relative to the conventional construction 17 material analyzed. 18
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